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ABSTRACT 
Cryptic species are an important component of biodiversity, although most cryptic 
species have yet to be discovered. Cytogenetic studies of polytene chromosomes offer a 
unique level of resolution for detecting cryptic species in the family Simuliidae. Simulium 
fibrinflatum is a black fly morphospecies that is suspected to contain cryptic species 
because of its broad geographic range and variable pupal gill structure. Populations of 
Simulium fibrinflatum from the Saugahatchee River, AL; Anthony Shoals, GA; LaHave 
River, Nova Scotia; Westfield River, MA; Chauga River, SC; and Enoree River, SC, were 
sampled and cytogenetically analyzed to test for the presence of cryptic species. To 
ecologically characterize S. fibrinflatum a set of 9 ecological variables was measured at 
each site. These variables did not show differences between streams where S. fibrinflatum 
was found and streams where it was not found, although the sample sizes were small. 
Thirty chromosomal rearrangements were found in the six populations cytogenetically 
analyzed. A heteroband on chromosome arm IIIL was common in all populations. The 
Chauga River sample was highly polymorphic, with 24 chromosomal polymorphisms, 
whereas the Enoree River sample had three polymorphisms, two of which were also 
found in the Chauga River. The two polymorphisms in both populations were found in 
higher frequency in the Chauga River sample. Although no fixed inversions or 
differentiated sex chromosomes were found in any sample, the difference in number and 
frequency of polymorphisms between the Chauga River sample and the Enoree River 
sample suggests the possibility of homosequential cryptic species in S. fibrinflatum. 
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CHAPTER ONE 
INTRODUCTION 
Simulium fibrinflatum Twinn is a common eastern North American black fly that 
is suspected to contain two or more cryptic species because of its morphological 
variation, the large size of its geographical range, and the heterogeneity of its habitat 
(Moulton & Adler 1995, Adler et al. 2004). The species ranges from Nova Scotia, 
Canada, to Alabama east of the Appalachian Mountains (Adler et al. 2004). The number 
of gill filaments ranges from 6 to 8 on either side, with 6 being the most common 
condition (Moulton & Adler 1995). The length and thickness of filaments is variable. 
When compared to other members of the Simulium jenningsi species group many 
populations have short, thick filaments, whereas some populations have thinner and 
longer filaments (Moulton & Adler 1995). The number of generations per year and length 
of time larvae, pupae, and adults are present increases throughout the range from north to 
south (Adler et al. 2004). Larvae and pupae commonly occur in rocky streams of variable 
size on submerged vegetation, but some populations are found in sandy streams (Moulton 
& Adler 1995). 
The structural rearrangement of chromosomes is likely a major cause of black fly 
speciation (Rothfels 1989). The salivary glands of larval black flies contain polytene 
chromosomes that can be viewed in simple slide preparations under a compound 
microscope. Comparison of the banding patterns of stained giant polytene chromosomes 
has been used to discover black fly species since 1956 and provides a useful tool for 
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discerning cryptic species (Rothfels 1979). This method has been effectively used to 
discover over a quarter of North American simuliid species (Adler et al. 2004).  
Based on pupal gill variation, the large size of its range, and the diversity of 
habitats where it is found, I hypothesized that S. fibrinflatum is a complex of two or more 
cryptic species or cytoforms, and that any cryptic species or cytoforms will be 
cytogenetically, geographically, and ecologically distinct. To test this, larvae and pupae 
from throughout the range of S. fibrinflatum were collected and analyzed cytogenetically 
and ecologically to determine if differentiated entities are present. 
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CHAPTER TWO 
LITERATURE REVIEW 
Simuliidae 
Fossil and molecular evidence supports the divergence of the family Simuliidae 
from other dipteran lineages during the Jurassic period (Crosskey 1991, Bertone et al. 
2008). Black flies have become established nearly everywhere there is flowing 
freshwater, save a limited number of remote islands throughout the world. Black flies are 
found on every continent except Antarctica, which they likely historically inhabited when 
the continent was warmer (Crosskey 1990). The family is moderately sized, compared 
with other dipteran families, with 2,132 described species, most belonging to the genus 
Simulium (Adler & Crosskey 2012).  
With the exception of three small genera (Gymnopais, Twinnia, and Levitinia), 
simuliid larvae have distinct labral fans composed of 20-80 curved rays (Moulton & 
Adler 1995, Adler et al. 2004). The labral fans are used to remove small particles from 
the water column by filter feeding (Strickland 1911). The number of rays varies among 
species and individuals, and reflects the microhabitat of a species (Palmer & Craig 2000). 
A larger number of rays increase the range of size and amount of particles that can be 
captured, but also increases drag (Zhang 2000). The most nutritionally significant 
element of the larval black fly diet is detritus, but the diet also includes diatoms, bacteria, 
filamentous algae, and animal matter (Muttkowski & Smith 1929). Larvae also 
incidentally ingest a significant amount of inorganic matter (Muttkowski & Smith 1929). 
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Larvae significantly reduce the abundance of downstream phytoplankton (Parkes et al. 
2004). 
Black fly larvae produce silk from large salivary glands that extend into the 
abdomen. Silk is dispensed through a common opening between the lower labial and 
upper hypopharyngeal lobes on the anterior of the head (Adler et al. 2004, Malmqvist et 
al. 2004). Black fly silk can be produced in strands or pads and is adhesive. Silk pads are 
used to anchor larvae to substrates. They are deposited on a surface and larvae hold onto 
them with hooklets on their posterior proleg. Larvae can deposit multiple pads and move 
between them like stepping-stones. Silk strands are used for a multitude of purposes 
including escape lines, first-instar dispersal, and tether lines to allow free drifting in the 
water column (Malmqvist et al. 2004).  
Despite notoriety as pests, black flies have important ecological functions where 
they are abundant. Black fly larvae are major contributors to carbon retention in streams 
and rivers where they play a crucial role in converting floating organic particles into fecal 
pellets that are dense enough to sink (Wotton et al. 1998). Rather than flowing away, 
those organic particles then accumulate on the bed and banks of the stream and can 
fertilize vegetation (Malmqvist et al. 2001, Wotton et al. 1998). The black flies 
themselves are also important food items. Both larvae and adults are preyed on by birds, 
fish, and numerous invertebrates. Around 70 species of fish are known predators of black 
fly larvae (Davies 1981). Plecoptera, Trichoptera, Odonata, and Diptera larvae prey on 
black fly larvae (Malmqvist et al. 2004), and at least one adult black fly has been found 
in the larval cell of one species of sphecid wasp (Krombein 1960). Furthermore, the 
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adults of many black fly species are nectar-feeders and contribute to the pollination of 
flowering plants (Malmqvist et al. 2004).  
 
Simulium fibrinflatum 
Simulium fibrinflatum is a member of the Simulium jenningsi species group 
endemic to eastern North America. It was first described by Twinn in 1936. The holotype 
is a pinned male specimen collected in Ontario, Canada, at the Remic Rapids of the 
Ottawa River, which was reared and emerged as an adult on 17 August 1935 (Twinn 
1936). A population of black flies from eastern Alabama was described by Stone and 
Snoddy (1969) as Simulium underhilli, but the name has since been synonymized with S. 
fibrinflatum (Moulton & Adler 1995).  
Simulium fibrinflatum ranges from Nova Scotia, Canada, to Alabama, USA, and is 
abundant east of the Appalachian Mountains (Adler et al. 2004). Larvae and pupae are 
typically found in rocky streams 3 m or more wide, attached to fallen leaves or aquatic 
vegetation (Stone & Snoddy 1969). Simulium fibrinflatum is multivoltine, with as few as 
2 generations per year at the northern extreme of its range and 4 or more at the southern 
extreme (Adler et al. 2004). Simulium fibrinflatum overwinters as eggs (Adler et al. 
2004). 
Simulium fibrinflatum likely feeds on mammals, although specific hosts have not 
been determined. However, it is an anautogenous species. Under laboratory conditions 
oocytes do not complete maturation unless adult females are provided mammalian blood, 
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administered via enemas (Klowden & Lea 1979). Adult females swarm around humans, 
although biting occurs rarely (Granett 1979). Swarming can be a nuisance and can deter 
outdoor recreation. Swarms of S. fibrinflatum and other S. jenningsi group members from 
the Enoree River cost the economy of South Carolina an estimated $27,000 in a year 
because of the nuisance these flies caused for patrons of a nearby golf course (Gray et al. 
1996). The pestiferous effects of S. fibrinflatum at that golf course led to the only black 
fly control program established to specifically control S. fibrinflatum (Gray et al. 1996). 
The pupal gill morphology of S. fibrinflatum is highly variable, especially in 
southern states (Moulton & Adler 1995). Most pupae have gills with six filaments that are 
short and thick, in comparison with other species, and have blunt ends (Moulton & Adler 
1995). Some pupae have gills with longer, thinner filaments, or filaments that taper 
distally with less-blunt ends (Moulton & Adler 1995). Most pupal gills of S. fibrinflatum, 
including pupae with thinner filaments, are at least somewhat inflated toward their bases 
(Moulton & Adler 1995). The larvae and pupae of one large population from Lynches 
River, SC, had gills with predominantly 8 filaments (Moulton & Adler 1995). Pupae from 
other locations have been found with one 7- or 8-filamented gill and one 6-filamented gill 
(Moulton & Adler 1995). The population previously described as S. underhilli has thinner 
filaments than those of typical S. fibrinflatum (Stone & Snoddy 1969). 
Gill morphology is the only known feature that distinguishes S. fibrinflatum from 
two other S. jenningsi species group members, Simulium notiale and Simulium snowi. 
Gills of S. snowi have only 4 filaments and the gills of S. notiale lack a petiole at the base 
of the middle pair of filaments, present in S. fibrinflatum (Moulton & Adler 1995).  
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Bacillus thuringiensis israelensis 
Bacillus thuringiensis israelensis (Bti) is an aerobic spore-forming bacterium. 
When Bti sporulates, it produces a proteinaceous crystal protoxin that disrupts basic 
cellular function and degrades the midgut of black flies, resulting in paralysis and death 
(Gill et al. 1992). However, the suite of characteristics that make black flies vulnerable 
are largely absent in other lotic organisms (Jackson et al. 2002). Bti has little to no known 
direct effect on organisms other than some nematoceran Diptera, and non-target effects 
are usually minimal, and due to food-web disruption (Brancato 1996, Hershey et al. 
1998, Jackson et al. 2002). Application of Bti to streams and rivers is highly effective and 
has been the most common method of control since the 1980s (Jackson et al. 2002). 
Pennsylvania currently spends the most of any state on black fly control. In this 
state, an abundance of suitable mountain rivers and streams support large populations of 
the S. jenningsi group. Pennsylvania invests around $5 million annually in its black fly 
control program, which in part uses helicopters to aerially apply Bti to control large S. 
jenningsi populations (Adler et al. 2004). 
 
Cytogenetics of Simuliidae 
Black flies, like many Diptera, have polytene chromosomes in some of their 
tissues (Adler et al. 2004).  These chromosomes are in permanent interphase and are 
composed of longitudinal duplications of the two original chromosome strands (Brown 
1972).  Along their length, polytene chromosomes are banded.  Bands that are darker 
contain a greater density of heterochromatin, and regions of a polytene chromosome 
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where active transcription is occurring are often puffed and unpacked (Brown 1972). The 
salivary glands of late-instar larvae contain the largest polytene chromosomes in black 
flies, and these glands are the tissue typically examined in black fly cytogenetics 
(Rothfels 1980). 
The structural rearrangement of chromosomes is likely a major cause of black fly 
speciation (Rothfels 1989).  Simple slide preparations of stained salivary gland 
chromosomes are sufficient for observing many chromosomal rearrangements.  
Comparison of the banding patterns of stained giant polytene chromosomes has been 
used to identify black fly species since 1956 and provides a useful tool for identifying 
cryptic species (Rothfels 1979).  For instance, a cryptic species can sometimes be 
identified by a lack of heterozygotes for a particular chromosomal inversion within a 
population, indicating the presence of two genetically isolated populations (Rothfels 
1956).  This method has been used to identify over a quarter of North American simuliid 
species (Adler et al. 2004). 
 
Cytology of Simulium fibrinflatum 
Gordon (1984) found that S. fibrinflatum differed from the standard map she 
generated for the S. jenningsi group by only 4 fixed inversion, IL-4, IIS-1 and IIS-2,3, 
two of which were shared with S. jenningsi. IIS-1 is the most distal from the centromere. 
IIS-3 overlaps with one band in IIS-2 (Gordon 1984). Gordon (1984) also found one 
floating inversion, IL-6. Simulium fibrinflatum was the most cytogenetically conservative 
jenningsi-group species examined by Gordon (1984), the others examined being S. 
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jenningsi and S. luggeri.  
Moulton and Adler (1995) found no fixed cytological differences in S. 
fibrinflatum throughout its range, including four larvae from the 8-filamented population 
at Lynches River, SC. They did not find the floating IL-6 inversion observed by Gordon 
(1984) in any specimens they examined. Furthermore, they did not find any cytological 
differences between S. fibrinflatum, S. notiale, or S. snowi (Moulton & Adler 1995).  
 
Molecular markers 
Molecular markers have shown limited applicability as tools for rapid 
identification of sibling species within the Simuliidae, likely due to the low levels of 
genetic divergence among simuliid species. Attempts to identify known simuliid sibling 
species using mitochondrial genes rDNA (12s and 16s), ND4, and COII have been 
unsuccessful (Adler et al. 2010). COI, the “DNA bar coding gene,” is useful in 
differentiating some morphologically distinct European black fly species, although 
usefulness for differentiating cryptic sibling species is yet to be established (Adler et al. 
2010). The carbamoylphosphate synthetase (CPS) domain of the nuclear-coding gene 
CAD has shown some utility for phylogenetic inference (Moulton 2002, 2004). The CPS 
domain may be useful for resolving simuliid phylogeny. The largest intron sequence of 
CPS shows potential for resolving recently diverged taxa (Moulton 2002, 2004). 
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CHAPTER THREE 
METHODS 
Larvae and pupae of S. fibrinflatum were collected and chromosomally analyzed 
from six rivers across eastern North America. These rivers were the Enoree River in 
South Carolina (N 34°45.184' W 082°06.522'), the Chauga River in South Carolina (N 
34°40.876' W 083°08.882'), the Saugahatchee River in Alabama (N 32°37.914' W 
85°47.904'), the Westfield River in Massachusetts (N 42°20.159' W 072°53.044'), 
Anthony Shoals in the Broad River in Georgia (N 33°59.266' W 82°39.208'), and the 
LaHave River in Nova Scotia, Canada. Sites were selected from satellite images with 
consideration to previous records collected and likely habitat. I followed the methodology 
of McCreadie & Adler (1998) for collecting larvae, pupae, and ecological information. 
Ecological data for rivers where S. fibrinflatum was found and not found were recorded. 
Larvae and pupae from each site were fixed whole in Carnoy's fixative (1 part glacial 
acetic acid: 3 parts absolute ethanol), refreshed with fixative 3 times after collection, and 
stored in the laboratory at 0°C after collection. Simulium fibrinflatum larvae and pupae 
from each site chromosomally analyzed were deposited in the Clemson University 
Arthropod Collection. 
Slide preparations were made of larval polytene chromosomes in accordance with 
the methodology of Rothfels & Dunbar (1953) and Adler et al. (2004). A standard map 
for S. fibrinflatum was constructed from larvae collected from a population in the Enoree 
River on the border of Laurens and Spartanburg Counties, SC. The standard map was 
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divided into the same 100 sections as defined by the standard map previously constructed 
by Gordon (1984). However, the numbering of fig. 14 of Gordon (1984) was used for 
segments 97 and 98 in place of fig. 11, which was meant to represent the standard 
sequence of S. fibrinflatum and S. jenningsi, because of an undiagnosed homozygous 
inversion (possibly IIIL-7 of this study) present in fig. 11. Chromosomal mapping was 
done in Adobe Photoshop
®
, using the mapping conventions and nomenclature of Rothfels 
et al. (1978) and Adler et al. (2004). Chromosomes from individuals collected from other 
locations were compared to this standard map to identify fixed and floating inversions 
and other cytogenetic features. The biological species concept, that a species is a group of 
actively or potentially interbreeding genetically isolated organisms (Mayr 1942), was 
used for identifying new species.  The ability to directly observe chromosomal 
rearrangements in black flies makes drawing conclusions about gene flow within a 
population possible and allows the application of this species concept. 
Ecological data were collected at each site. The variables measured followed the 
methodology of McCreadie & Colbo (1991). Stream pH and temperature were measured 
with an Extech Instruments Oyster-10 pH meter. Conductivity was measured with a 
Horiba Twin Cond B-173 conductivity meter. A standard metal meter stick was used to 
calculate average depth and water velocity (Newbury 1984). Two measurements were 
taken at 3-5 points (depending on stream width) along a linear transect of each stream. 
The first measurement at each point was the depth from stream bed to meniscus with the 
wide face of the meter stick parallel to water flow, and the second measurement was the 
depth from stream bed to meniscus with the wide face of the meter stick perpendicular to 
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flow. Average depth was calculated from the parallel-to-flow measurements. Water 
velocity was calculated using the equation v = (19.6[Dr -Dp])0.5, where Dr is the average 
depth perpendicular to flow and Dp is the average depth parallel to flow (Newbury 1984). 
Width was measured with a tape measure along the same transect used for depth and 
velocity. Dominant streambed composition was assessed by visual observation and 
scored as either “mud/silt”, “sand”, “small stones” (approximately less than 40 mm in 
diameter), “rubble” (approximately 40-100 mm in diameter), “boulders” (approximately 
100-275 mm), or “bedrock.” Canopy cover was assessed by visual observation and 
scored as “none” (no canopy cover), “partial” (canopy that does not span the width of the 
stream), or “complete” (canopy that completely spans the width of the stream originating 
from either one bank or both but meeting over the stream). Riparian vegetation was 
assessed by visual observation and scored as “open” (predominantly no shrubs or trees), 
“brush” (predominantly shrubs and bushes), or “forest” (predominantly trees). These 
parameters are distinct and predictive for other simuliid species, including closely related 
sibling species (McCreadie & Colbo 1991, McCreadie & Adler 1998).  
Representative gill histoblasts were selected and photographed from last-instar 
larvae that had been fixed in Carnoy’s solution from each population chromosomally 
analyzed. The right histoblast was first photographed in situ at 750x total magnification 
using a dissecting microscope and a ProgRes SpeedXT
core 
5
©
 microscope camera. The left 
histoblast was then dissected in Carnoy’s fixative and transferred to a drop of 50% acetic 
acid on a slide. A cover slip was placed over the drop and the histoblast was 
photographed at 750x total magnification using a dissecting microscope and ProgRes 
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SpeedXT
core 
5
©
 microscope camera and at 50x total magnification using a compound 
microscope and a Scion Corporation model CFW-1310C microscope camera. The 
clearest ex situ photograph was selected for each histoblast. 
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CHAPTER FOUR 
RESULTS 
In total I attempted to analyze chromosomes of 177 larvae from the six sites 
sampled and was able to completely analyze 116 of these (66%) as follows: 55 of 67 
(82%) larvae from the Enoree River in SC, 11 of 23 (48%) larvae from the Saugahatchee 
River in AL, 4 of 22 (18%) larvae from the LaHave River in Nova Scotia, 41 of 44 (93%) 
larvae from the Chauga River in SC, and 5 of 5 larvae from the Westfield River in MA. I 
was not able to completely analyze any of the 16 slides prepared from larvae from the 
Broad River in GA, but was able to identify polymorphisms in several partially analyzed 
slides from this site.  In total, 30 chromosomal rearrangements were identified (Table 1).  
None of these rearrangements were fixed in any population or sex-linked. 
Table 1: Collection sites and polymorphism frequencies for completely analyzed polytene chromosomes of 
larvae of Simulium fibrinflatum. 
Site 
Enoree 
River, SC 
Chauga 
River, SC 
Saugahatchee 
River, AL 
Westfield 
River, MA 
LaHave River, 
NS, Canada 
Collection 
date 
17.iv.2011 5.x.2010 17.ix.2011 3.vi.2011 28.v.2011 
No. Analyzed 55 40 11 5 4 
Males/Females 20/35 17/23 5/6 4/1 2/2 
IS-1 0 0 0.09 0 0 
IS-2 0 0.02 0 0 0 
IS-3 0 0.01 0 0 0 
IL-2° NO 0.01 0 0 0 0 
IL-1 0 0.01 0 0 0 
IL-2 0 0.01 0 0 0 
IL-3 0 0.01 0 0 0 
IIS-puff 0 0.01 0 0 0 
IIS-2° NO 0 0 0.05 0 0 
IIL-1 0 0.01 0 0 0 
IIIS-1 0 0.01 0 0 0 
IIIS-2 0 0.01 0 0 0 
IIIS-3 0 0.01 0 0 0 
IIIS-4 0 0.01 0 0 0 
IIIS-5 0 0 0 0.1 0 
IIIS-6 0 0 0 0.2 0 
IIIL-hb1 0.33 0.31 0.46 0.7 0.86 
IIIL-hb2 0 0.01 0 0 0 
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IIIL-2° NO 0 0.01 0 0 0 
IIIL-1 0.05 0.22 0 0.1 0 
IIIL-2 0 0 0 0 0.125 
IIIL-3 0 0.2 0 0 0 
IIIL-4 0 0.01 0 0 0 
IIIL-5 0 0.01 0 0 0 
IIIL-6 0 0.01 0 0 0 
IIIL-7 0 0.11 0 0 0 
IIIL-8 0 0.02 0 0 0 
IIIL-9 0 0.01 0 0 0 
IIIL-10 0 0.01 0 0 0 
IIIL-11 0 0.01 0 0 0 
 
Table 2: Frequencies of common (occurring in ≥5 larvae) cytogenetic features of Simulium fibrinflatum and 
tests for Hardy-Weinberg equilibrium. 
Site Character 
Observed Expected 
x
2
 df p-value 
s/s s/i i/i s/s s/i i/i 
Enoree River, 
SC 
IIIL-hb1 25 25 5 25 24 6 0.16 1 0.69 
IIIL-1 50 5 0 50 5 0 0.12 1 0.72 
Chauga River, 
SC 
IIIL-hb1 18 20 3 18 18 5 0.68 1 0.41 
IIIL-1 25 14 2 25 14 2 <0.01 1 0.98 
IIIL-3 27 12 2 28 13 2 0.19 1 0.66 
IIIL-7 32 9 0 33 8 0 0.62 1 0.43 
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Figure 1: Standard sequence of Simulium fibrinflatum chromosome arm IS. Breakpoints of IS-1, IS-2, and 
IS-3 are indicated with brackets.
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Figure 2: Standard sequence of Simulium fibrinflatum chromosome arm IL. Breakpoints of IL-1 are indicaed with brackets. Precise breakpoints for 
inversions IL-2 and IL-3 could not be determined. 
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Figure 3: Standard sequence of Simulium fibrinflatum chromosome arm IIS.  
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Figure 4: Standard sequence of Simulium fibrinflatum chromosome arm IIL. The breakpoints of IIL-1 are indicated with brackets. 
  
  
2
0
 
 
Figure 5: Standard sequence of Simulium fibrinflatum chromosome arm IIIS. Breakpoints of IIIS-1, IIIS-2, IIIS-5, and IIIS-6 are indicated with brackets. 
Precise breakpoints for inversion IIIS-3 and IIIS-4 could not be determined.
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Figure 6: Standard sequence of Simulium fibrinflatum chromosome arm IIIL. Breakpoints of IIIL-1through IIIL-11 are indicated with brackets.
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Enoree River, SC 
The population of S. fibrinflatum in the Enoree River was the largest population 
of the species I found, and was by far the most common species of black fly in the river. 
This population was largely cytogenetically homozygous, with two polymorphisms on 
chromosome arm IIIL and one polymorphism on IL (Table 1). On IIIL, one floating 
inversion on chromosome IIIL, IIIL-1, was heterozygously present in 5 of 55 analyzed 
individuals and a heteroband, IIIL-hb1, was present in 30 of the 55 analyzed individuals, 
of which 24 were heterozygous and 6 were homozygous. IIIL-hb1 is located close to the 
centromere of chromosome III (Fig. 6). The positive condition of IIIL-hb1 is thick and 
stains heavily and the standard condition is thinner and pale. Both cytogenetic features on 
chromosome arm IIIL were in Hardy-Weinberg equilibrium (Table 2). One individual 
was heterozygous for a secondary nucleolar organizer on IL, IL-2° NO. 
 
Chauga River, SC 
The Chauga River and Ramsey Creek (a tributary sampled approximately 130 m 
from the Chauga River) supported 6 species of black flies at the time of sampling in early 
October. The collection site was approximately 95 km west of the collection site at 
Enoree River. The population of S. fibrinflatum here was the most polymorphic 
population I analyzed (Table 1). It shared the two polymorphisms with the Enoree 
population, IIIL-1 and IIIL-hb1, and had 22 additional polymorphisms. Of the 41 larvae 
analyzed, IIIL-hb1 was heterozygous in 20 and homozygous in 3. IIIL-1 was 
heterozygous in 14 and homozygous in 2. IIIL-hb1 was found in similar frequencies in 
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the Enoree sample (0.33) and the Chauga sample (0.33), while IIIL-1 occurred more 
frequently in the Chauga sample (0.22) than in the Enoree sample (0.05). Of the 
polymorphisms found only in the Chauga sample, IIIL-3 and IIIL-7 were the most 
common. IIIL-3 was heterozygous in 12 larvae and homozygous in 1 and IIIL-7 was 
heterozygous in 9 larvae. All four of these polymorphisms were in Hardy-Weinberg 
equilibrium (Table 2). The other 20 polymorphisms (IS-2, IS-3, IL-1, IL-2, IL-3, IIS-puff, 
IIL-1, IIIS-1, IIIS-2, IIIS-3, IIIS-4, IIIL-hb2, IIIL-2° NO, IIIL-4, IIIL-5, IIIL-6, IIIL-8, 
IIIL-9, IIIL-10, and IIIL-11) were each observed in 1-3 individuals, with the majority 
occurring on chromosome arm IIIL. I was not able to determine precise breakpoints for 
two pairs of inversions: IL-2 and IL-3 and IIIS-2 and IIIS-3. In each pair, the two 
inversions overlapped or had end points within a few bands of each other. Both pairs 
occurred only once, IL-2 and IL-3 in one individual and IIIS-2 and IIIS-3 in another. 
 
Saugahatchee River, AL 
A sample of S. fibrinflatum was collected and sent to me by J. W. McCreadie from 
the Saugahatchee River, Tallapoosa Country, AL. I was able to completely analyze 11 
individuals. Of these, 6 were heterozygous for IIIL-hb1 and 2 were homozygous positive. 
This population did not share any other polymorphisms found in other populations. One 
new inversion was found near the centromere of IS, IS-1, heterozygously in 2 larvae, and 
a secondary nucleolar organizer, IIS-2° NO, was heterozygously present in 1 larva near 
the trapezoid of IIS.  
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Westfield River, MA 
The population of S. fibrinflatum in the Westfield River in western Massachusetts 
at my collection site was small. The collection site was approximately 1 km south of the 
Russell Dam. The rocks and vegetation in the river were covered in organic debris and 
algae. All larvae collected were found on aquatic vegetation. I completely analyzed 5 
larvae from this site (Table 1). IIIL-hb1 was present in this population, but appeared 
thinner than its typical expression in 2 of the 4 individuals exhibiting it, both of which 
were homozygous for IIIL-hb1. The other two individuals expressed IIIL-hb1 as a thick 
band typical of the southern populations. IIIL-1 was present heterozygously in one larva. 
Two inversions were unique to this population, IIIS-5 and IIIS-6. IIIS-5 was 
heterozygous in one larva and IIIS-6 was heterozygous in two larvae. 
 
LaHave River, Nova Scotia 
A sample of S. fibrinflatum from the LaHave River, south of New Germany Lake 
in Nova Scotia, Canada, was collected and sent to me by M. Colbo. I was able to 
completely analyze 4 larvae from this sample (Table 1). Of these, 2 were heterozygous 
for IIIL-hb1 and 2 were homozygous. In one heterozygous individual, IIIL-hb1 was 
expressed as a thinner band similar to the thinner IIIL-hb1 in the Westfield River sample. 
One new inversion, IIIL-2, was heterozygous in a single individual.  
 
Anthony Shoals, GA 
I was not able to completely analyze any larvae collected from Anthony Shoals in 
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the Broad River in GA. This population was found in a small side channel southwest of 
the main river which was predominated by S. aranti. I was able to detect IIIL-hb1 
homozygously in one individual and heterozygously in three others. One individual was 
homozygous for IIS-puff, also found in the Chauga River sample. 
 
Gill Histoblasts 
Gill histoblasts were photographed in situ and ex situ from mature larvae (Figs. 7-
12). Few mature larvae were available from the Westfield River, MA, and the LaHave 
River, Nova Scotia, but the histoblasts of the representative larvae I selected were similar 
between the LaHave River and the Westfield River (Figs. 8 & 9). The histoblasts of 
larvae from the four southern sites were highly variable in petiole length (e.g., Figs. 11k 
& 12g), filament length (e. g., Figs. 11a & 11s), filament thickness (e. g., Figs. 7a & 7b), 
and the distal shape of filaments (blunt vs. pointed, e. g., Figs. 11b & 11s). In the Enoree 
and Chauga rivers there were intermediates for each of these gill characters (Figs. 11 & 
12), suggesting a gradient of forms rather than discrete morphotypes. Seven and 8-
filamented gills were observed in the Chauga and Enoree rivers. Of 21 larvae from the 
Enoree River, 17 had two 6-filamented gill histoblasts, two had a 6 and a 7-filamented 
gill histoblast, and two had two 7-filamented gill histoblasts.  This was significantly 
different than the expected distribution (Table 3). 
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Table 3: Distribution of number of gill histoblast filaments and Chi-square test for Simulium fibrinflatum 
larvae in the Enoree River. 
n=21 
# gill histoblast filaments x
2
 df p-value 
6/6 6/7 7/7 
7.8 1 0.01 Observed 17 2 2 
Expected 15 5 1 
 
 
Figure 7: Gill histoblasts of last-instar Simulium 
fibrinflatum larvae from the Saugahatchee River, 
AL. Uppercase letters are in situ gill histoblasts 
and lowercase letters are ex situ. Letters refer to 
different individuals. A & B photographed at 75x 
total magnification, a & b at 50x. 
 
Figure 8: Gill histoblast of last-instar Simulium 
fibrinflatum larva from the Westfield River, MA. 
A: in situ, b: ex situ. Photographed at 75x total 
magnification.  
 
Figure 9: Gill histoblast of last-instar Simulium 
fibrinflatum larva from the LaHave River, Nova 
Scotia. A: in situ, b: ex situ. Photographed at 75x 
total magnification.   
 
Figure 10: Gill histoblasts of last-instar Simulium 
fibrinflatum larvae from Anthony Shoals in the 
Broad River, AL. Uppercase letters are in situ 
gill histoblasts and lowercase letters are ex situ 
gill histoblasts. Letters refer to different 
individuals. d photographed at 50x total 
magnification, all others at 75x.  
  
 
 
2
7
 
  
Figure 11: Gill histoblasts of last instar Simulium fibrinflatum larvae from the Chauga River, SC. Uppercase letters are in situ gill histoblasts and 
lowercase letters are ex situ. Letters refer to different individuals. Photographed at 75x total magnification.
  
 
 
2
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Figure 12: Gill histoblasts of last-instar Simulium fibrinflatum larvae from the Enoree River, SC. Uppercase letters are in situ gill histoblasts and 
lowercase letters are ex situ. Letters refer to different individuals. q and t photographed at 50x total magnification, all others 75x.
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Ecology 
No ecological data were available for the LaHave River in Nova Scotia. Four of 
the other five sites were 0.2-0.3 m deep on average, except the Westfield River in MA, 
which was approximately 0.75 m deep. However, the population of black flies at this site 
was the smallest of the five sites. The stream bed of the Westfield River was covered in 
organic particles and algae, which might have contributed to the small size of its 
population. Where measured, all sites where close to neutral (7.1-7.4 pH), although I was 
not able to measure pH at Anthony Shoals, GA. All five characterized sites were in 
forests, and all except the Saugahatchee River, AL, were rocky. All larvae that I collected 
(from the Enoree, Chauga, and Westfield rivers and Anthony Shoals) were found on 
fallen leaves and twigs or aquatic plants. I collected larvae from the Chauga River, SC, 
and Anthony Shoals, GA, entirely from fallen leaves. Almost all larvae that I found in the 
Enoree River, SC, and the Westfield River, MA, were on aquatic plants. Chromosomes 
from the warmest rivers at the time of sampling, the Saugahatchee River, AL, (24.4° C), 
and Anthony Shoals, GA, (22° C), were of the poorest quality. 
I found little difference between sites where I collected S. fibrinflatum larvae and 
sites that I sampled where I did not collect S. fibrinflatum larvae (Table 4). The average 
width of rivers where I found S. fibrinflatum (30.8±3.5 m) was approximately twice that 
of rivers where I did not collect S. fibrinflatum (14.6±3.6 m), but this difference was not 
significant (Mann-Whitney p-value=0.06 df=13) and may be due to sampling bias. I 
sampled several bedrock shoals that represented unusually wide points of a river and I 
selected sample sites based on previous collection records of S. fibrinflatum.  
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Table 4: Ecological data for rivers where Simulium fibrinflatum larvae were sampled and chromosomally 
analyzed. 
Site Enoree River, SC 
Chauga River, 
SC 
Saugahatchee 
River, AL 
Westfield 
River, MA 
Anthony Shoals 
(braid), Broad 
River, GA 
Date 17.iv.2011 10.v.2010 17.ix.2011 3.vi.2011 18.iii.2012 
County/Road 
Spartanburg and 
Laurens county 
line/Westmoreleand 
(418) 
Oconee/Chau 
Ram County 
Park 
Tallapoosa/SR 
49 
Hampshire/112 
Wilkes/Anthony 
Shoals Rd. 
GPS 
N34°45.184' 
W082°06.522' 
N34°40.876' 
W083°08.882' 
N32°37.914' 
W85°47.904' 
N42°20.159' 
W072°53.044' 
N 33°59.266'  
W 82°39.208' 
Average 
Depth 
0.24 m 0.3 m 0.2 m 0.75 m 0.2 m 
Average 
Velocity 
0.78 m/s 0.33 m/s 0.56 m/s 0.89 m/s 0.1 m/s 
Conductivity 31 µS/cm 40 µS/cm 170 µS/cm 57 µS/cm 34 µS/cm 
pH 7.1 7.4 7.4 7.4  
Temperature 17.9° C 15.9° C 24.4° C 16.8° C 22° C 
Width 50 m 25.5 m 10 m 50 m 5 m 
Streambed 
Composition 
bedrock bedrock mud rubble boulders 
Canopy partial partial none partial complete 
Riparian 
Vegetation 
forest forest forest forest forest 
Simulium 
jenningsi 
group sp. 
S. fibrinflatum 
S. notiale 
S. jenningsi (1 larva) 
S. fibrinflatum 
S. notiale
1
 
S. jenningsi 
 
S fibrinflatum 
S. fibrinflatum 
Simulium sp.
2
 
S. fibrinflatum 
S. aranti 
Other 
Simuliidae 
species 
S. tuberosum 
S. tuberosum 
S. vandalicum
1
 
S. innoxium
1
 
 
S. vandalicum 
S. 
appalachiense 
S. vittatum 
S. tuberosum 
S. quebecensi 
 
1
species found in smaller tributary, Ramsey Creek, within 130 m of main river  
2
one larva with 10 wide long gill filaments with fine tips  
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Table 5: Comparison of sites where Simulium fibrinflatum was collected and sites that were sampled but 
Simulium fibrinflatum was not collected. Standard error shown where relevant. 
 Simulium fibrinflatum collected No S. fibrinflatum collected 
Number of streams 14 7 
Average depth 0.3±0 m 0.35±0.1 m 
Average velocity 0.4±0.1 m/s 0.3±0.1 m/s 
Average conductivity 49±10 µS/cm 65±17 µS/cm 
Average pH 7.5±0.1 7.5±0.1 
Average temperature 16.2±1.2° C 14.8±1° C 
Average width 29.4±5.8
1
 m 14.6±3.9
1
 m 
Streambed 
50% bedrock 
25% rubble 
12.5% boulders 
12.5% sand/small stones 
57% boulders 
29% rubble 
14% bedrock 
Canopy 
87.5% partial 
12/5% complete 
71% complete 
29% partial 
Riparian vegetation 100% forest 100% forest 
1
Not significantly different, Mann-Whitney test p-value=0.06 df=13 
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CHAPTER FIVE 
DISCUSSION 
My hypothesis that Simulium fibrinflatum is a complex of two or more species 
remains unresolved. I found no fixed inversions or differentiated sex chromosomes that 
would indicate a potential cryptic species or cytotype in any population that I examined 
and all polymorphisms that were common enough to test were in Hardy-Weinberg 
equilibrium. However, my findings provide new hypotheses and a strong framework for 
testing possible cryptic diversity in S. fibrinflatum. 
IIIL-hb1 was common in all six populations examined. The typical expression of 
this heteroband is a thick dark band. It is conspicuous as long as the centromere of 
chromosome III is visible, and can be detected in poor-quality chromosome preparations. 
In two larvae from Massachusetts and one from Nova Scotia, IIIL-hb1 was notably 
thinner. In both of these samples the typical heteroband and the thinner version were 
represented, although I did not observe the two versions simultaneously in any one 
individual. Both samples were too small to rule out the possibility of co-occurrence, but if 
both variations of the heteroband were observed in the same individual, it would suggest 
that they are two distinct polymorphisms. If they do not co-occur, then the difference may 
be developmentally or environmentally derived. The presence of the thin IIIL-hb1 in both 
northern populations and its absence in southern populations might indicate that it is a 
uniquely northern polymorphism.  
The biological significance of IIIL-hb1 is unknown. The dark bands of polytene 
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chromosomes are chromomeres and the darker form of a heteroband contains additional 
copies of the chromomere present in the lighter form (Brown 1972). In the S. pictipes 
species group, a thick dark-staining sex-linked heteroband is C/G-rich while the thinner 
Y-chromosome band is A/T-rich (Bedo 1975). However, whether or not A/T to C/G 
content is related to band thickness or sex determination is unknown, and IIIL-hb1 is not 
sex-linked. Whatever gene or genes that are within the duplicated chromomere are also 
duplicated, and although tightly-coiled and unexpressed in salivary gland cells, these 
genes may or may not be expressed in other tissues or life stages.  
The prevalence of IIIL-hb1 in all of the S. fibrinflatum populations I examined 
suggests two alternative hypotheses. The first is that IIIL-hb1 is a neutral polymorphism 
and it is retained because S. fibrinflatum consists of a large and interbreeding population 
that spans its range. The second is that IIIL-hb1 is expressed in other tissues or at another 
point in the life cycles of black flies that carry it and it has biological significance. If so, 
IIIL-hb1 may confer a fitness advantage and the frequency of IIIL-hb1 throughout the 
range of S. fibrinflatum can be explained by natural selection. This would prevent 
conclusions about the size of S. fibrinflatum populations or about gene flow between 
populations based on the distribution of IIIL-hb1 and it would support the possibility of 
cryptic species. To test these hypotheses, more populations, especially between 
Massachusetts and South Carolina, need to be analyzed. It also would be helpful to 
sequence the DNA in IIIL-hb1 and check for expression of this DNA in multiple tissues 
and life stages. 
The Enoree River population was the most chromosomally homogenous 
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population I examined, with only three polymorphisms. The two polymorphisms on IIIL, 
IIIL-1 and IIIL-hb1, were shared with other populations, but IIIL-1 was expressed in 
lower frequency in the Enoree River than in the Chauga River. It was about five times 
more common in the Chauga River (0.22) than in the Enoree River (0.05). The 
population of S. fibrinflatum from the Chauga River had 20-22 more polymorphisms than 
the other population that I examined.  Twenty-two polymorphisms were unique to the 
Chauga River population. Two of these unique polymorphisms, IIIL-3 and IIIL-7, were 
relatively common (observed at a frequency of 0.2 and 0.11, respectively). I sampled the 
Chauga River population about 6 months prior to the Enoree River. 
If the Enoree and Chauga river populations of S. fibrinflatum are not genetically 
distinct, the low level of chromosomal polymorphism in the Enoree population suggests 
that either some sort of genetic bottleneck event has occurred or that there is strong 
selection for a small number of karyotypes in this river. A bottleneck is unlikely because 
no obvious geographic barriers exist between the Enoree and Chauga rivers that would 
prevent polymorphisms from the Chauga River from being introduced to the Enoree 
River, approximately 95 km east of the Chauga River. Some S. jenningsi group members 
disperse 30-50 km as adults, and S. fibrinflatum has been recorded in several streams 
between the Chauga and Enoree rivers (Adler et al. 2004). An active Bti black fly control 
program is in place in the Enoree River, but should not affect the population I sampled 
because the Enoree River has never been treated as far north as my collection site. Nearly 
all treatments have been conducted approximately 24 km or more downstream (E.W. 
Gray, personal communication). Pollution and impoundment from the city of Greenville, 
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which is less than 16 km north of the sampled site, may be causing strong selection for a 
small number of well-suited genotypes in downstream S. fibrinflatum populations. These 
factors are usually deleterious to black flies, although different species of black flies have 
different degrees of sensitivity (Adler et al. 2004). Populations of other S. jenningsi group 
members, such as S. jenningsi s.s., have been eliminated from rivers at times due to urban 
pollution (Adler et al. 2004). The degree of pollution from Greenville and its effect on S. 
fibrinflatum remain to be tested. 
The presence of IIIL-hb1 and IIIL-1 in both the Enoree and Chauga populations 
and the proximity of the two sites suggest gene flow between the populations. However, 
the contrast in the number of polymorphisms, five-fold difference in frequency of IIIL-1 
between the two sites and the lack of two common Chauga River inversions in the Enoree 
River population, suggest that either gene flow between these populations is limited or 
the selective forces in one river are different than the selective forces in the other. 
Although many cryptic black fly species have been identified by fixed chromosomal 
rearrangements, some examples of homoseqential cryptic species, species that are 
chromosomally and morphologically indistinguishable, have been identified in the 
Simuliidae. In Australia, Bedo (1979a & 1979b) distinguished two sympatric 
homosequential cryptic species, S. ornatipes cytoform A2 and S. norfolkense (as S. 
ornatipes A2), based on consistent differences in the frequencies of polymorphisms 
between the two. Simulium norfolkense carries a high level of polymorphisms and 
geographic variability, while S. ornatipes is more morphologically and cytogenetically 
homogenous. The contrast in the overall frequencies of polymorphisms between the 
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Enoree River population and the Chauga River population suggests that S. fibrinflatum 
might contain two or more homosequential cryptic species.  
Ecologically, I did not find clear distinctions between streams where I collected S. 
fibrinflatum and streams where I did not. A larger sample of streams is required before 
any conclusions can be made about the value of the variables I selected to measure, but 
two additional variables might be worth investigating: season and substrate for larval 
attachment. The sample I analyzed from the Chauga River was collected in October, 
whereas the sample I analyzed from the Enoree River was collected in April. 
Furthermore, larvae from the Enoree River were found on live aquatic plants while larvae 
from the Chauga River were found on dead leaves. These observations are too limited to 
claim a pattern, but given the cytogenetic differences between these populations, these 
variables should be tested in future investigations. 
The high frequency of IIIL-hb1 in both northern and southern populations makes 
the absence of this polymorphism from Gordon’s (1984) chromosomal analysis of S. 
jenningsi group species from the Finger Lakes in New York conspicuous. The presence of 
two unique inversions on IIIS in the Westfield River, MA, one unique inversion on IIIL in 
the LaHave River, Nova Scotia, and the possibility of an alternative form of IIIL-hb1 in 
both populations suggests that northern S. fibrinflatum populations carry a distinct array 
of unique floating polymorphisms. However, the sample size from both sites was too 
small to draw firm conclusions. Analysis of S. fibrinflatum from more northern sites, 
especially Upstate New York, the type locality in Ontario, and New England, are required 
to establish the level of cytogenetic and morphological variability in northern 
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populations. 
The lack of fixed inversions in any population I examined does not preclude the 
possibility of cryptic species in S. fibrinflatum or the presence of fixed inversion in 
populations I did not examine. In either case, based on the unequal distribution of 
cytogenetic diversity among the populations that I examined, I hypothesize that S. 
fibrinflatum contains at least two homosequential cryptic species in the southeastern 
USA, with the possibility of additional cryptic species toward the northern extent of its 
range. However, while highly variable, gill morphology in both the Enoree and Chauga 
rivers appear in a gradient from long thin filaments with pointed ends to short thick 
filaments with blunt ends.  Gills vary within populations of S. fibrinflatum, rather than 
between, and they vary along a gradient, suggesting that if cryptic species are present, 
they may not be correlated with particular gill morphology. 
Once the morphology and cytogenetics of both northern and southern S. 
fibrinflatum populations are better understood, fundamental questions about the origin 
and evolution of this species and its relatives can begin to be addressed. My findings 
suggest that populations of S. fibrinflatum vary in the number and frequency of 
chromosomal polymorphisms and that cryptic diversity might underlie these variations. 
Once the distribution of polymorphisms throughout the range of S. fibrinflatum is better 
understood, the possibility of cryptic species can be addressed and these polymorphisms 
can be used to infer a phylogeny that can begin to answer more fundamental questions 
about the evolutionary history of this species. 
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CHAPTER SIX 
SUMMARY 
Cytogenetic examination of six populations of Simulium fibrinflatum did not 
conclusively reveal cryptic species, but did suggest the possibility of homosequential 
cryptic species in southeastern North America. Ecological data were inconclusive. The 
structure of gill histoblasts of last-instar larvae was highly variable throughout the range 
of S. fibrinflatum. 
One polymorphism, IIIL-hb1, was common in all populations. The prevalence of 
this polymorphism suggests that gene flow occurs between populations or IIIL-hb1 
persists in populations due to positive selection. The biological significance of IIIL-hb1 
warrants future investigation. A thinner variation of IIIL-hb1 was observed in northern 
populations, but I was not able to analyze enough larvae from either northern population 
to determine if this variation is a distinct polymorphism or is restricted to northern 
populations. 
Two South Carolina S. fibrinflatum populations notably differed in the number 
and frequency of chromosomal polymorphisms. Number and frequency of 
polymorphisms have been used to identify homosequential cryptic species in black flies 
(Bedo 1979a & 1979b), and the possibility of homosequential cryptic species in these two 
populations merits further testing. If homosequential cryptic diversity is demonstrated in 
S. fibrinflatum, more intensive sampling will be required from populations geographically 
between all populations I examined to determine the extent and range of species or 
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cytoforms.  
Due to small sample size, I was not able to ecologically distinguish populations of 
S. fibrinflatum or differentiate between rivers that supported S. fibrinflatum and rivers 
where I did not find S. fibrinflatum. A larger number of rivers must be characterized to 
draw ecological conclusions about S. fibrinflatum. However, field observations suggest 
that season and the substrate to which larvae anchor themselves might be useful 
ecological parameters to consider in future studies. The possibility of homosequential 
cryptic species in southeastern North America should be addressed before broader 
ecological study is pursued, as any ecological differences between such cryptic species 
could help focus future ecological work.  
The structure of gills in S. fibrinflatum varies within populations and along a 
morphological gradient, and therefore probably is not related to cryptic species. A similar 
level of variation in gill structure was observed in the Enoree and the Chauga 
populations; therefore, I predict that the variability of gills is not related to the number of 
chromosomal rearrangements in a population. However, the variability of gill 
morphology remains to be quantified and related to the frequency and number of 
polymorphisms within and among populations of S. fibrinflatum. My findings suggest 
that the Upstate of South Carolina is a good place to pursue this research. 
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Appendix A 
Chromosomal analysis of larval black flies 
Table A-1: Chromosomal rearrangements and sex of all Simulium fibrinflatum larvae fully or partially 
analyzed by chromosome arm. s=standard sequence. 
Slide  River Sex IS IL IIS IIL IIIS IIIL 
a 
Enoree 
River, SC 
female s s s s s IIIL-hb1 (+/s) 
b 
 
male s s s s s IIIL-hb1 (+/s) 
c 
 
male s s s s s IIIL-1 (+/s) 
d 
 
female s s s s s IIIL-hb1 (+/s) 
e 
 
female s s s s s IIIL-hb1 (+/s) 
f 
 
female s s s s s IIIL-1 (+/s) 
g 
 
male s s s s s IIIL-hb1 (+/s) 
h 
 
female s s s s s s 
i 
 
female s s s s s IIIL-hb1 (+/s) 
j 
 
female s s s s s IIIL-hb1 (+/s) 
k 
 
female s s s s s IIIL-hb1 (+/+) 
l 
 
female s s s s s s 
m 
 
female s s s s s s 
n 
 
male s s s s s s 
o 
 
male s s s s s IIIL-hb1 (+/s) 
8 
 
male s s s s s IIIL-1 (+/s), IIIL-hb1 (+/s) 
9 
 
female s s s s s IIIL-hb1 (+/s) 
10 
 
male s s s s s s 
11 
 
female s s s s s s 
12 
 
female s s s s s IIIL-1 (+/s), IIIL-hb1 (+/+) 
13 
 
female s s s s s s 
14 
 
female s s s s s s 
15 
 
male s s s s s s 
16 
 
female s s s s s IIIL-hb1 (+/s) 
17 
 
female s s s s s IIIL-hb1 (+/s) 
18 
 
female s s s s s s 
19 
 
male s s s s s IIIL-hb1 (+/s) 
20 
 
female s s s s s IIIL-hb1 (+/s) 
21 
 
male s s s s s s 
22 
 
female s s s s s s 
23 
 
male s s s s s s 
26 
 
female s s s s s IIIL-hb1 (+/s) 
27 
 
male s IL-2° NO (+/s) s s s s 
28 
 
male s s s s s s 
29 
 
male s s s s s IIIL-hb1 (+/s) 
30 
 
female s s s s s s 
31 
 
female s s s s s IIIL-hb1 (+/s) 
32 
 
female s s s s s s 
33 
 
female s s s s s IIIL-hb1 (+/s) 
34 
 
female s s s s s IIIL-hb1 (+/s) 
35 
 
female s s s s s s 
36 
 
female s s s s s s 
37 
 
female s s s s s IIIL-hb1 (+/+) 
38 
 
male s s s s s s 
39 
 
female s s s s s IIIL-hb1 (+/+) 
40 
 
male s s s s s IIIL-hb1 (+/s) 
41 
 
female 
     
IIIL-hb1 (+/s) 
42 
 
male s s s s s IIIL-hb1 (+/s) 
43 
 
female s s s s s IIIL-hb1 (+/s) 
45 
 
male s s s s s IIIL-1 (+/s), IIIL-hb1 (+/s) 
46 
 
male 
  
s s s 
 
47 
 
female s s s s s IIIL-hb1 (+/s) 
48 
 
female s s s s s IIIL-hb1 (+/s) 
49 
 
male s s s s s IIIL-hb1 (+/+) 
52 
 
female s s s s s s 
53 
 
male s s s s s s 
54 
 
female s s s s s s 
67 
Saugahatche
e River, AL 
female s s s s s IIIL-hb1 (+/+) 
68 
 
female s s s s s IIIL-hb1 (+/s) 
69 
 
male s s s s s IIIL-hb1 (+/s) 
70 
 
female s s s s s s 
71 
 
male s s s s s s 
72 
 
male s s 
    
74 
 
female s s s s s IIIL-hb1 (+/+) 
76 
 
male 
     
s 
77 
 
female IS-1 (+/s) s s s s IIIL-hb1 (+/s) 
 42 
 
78 
 
male s s s s s IIIL-hb1 (+/s) 
79 
 
male IS-1 (+/s) s 
IIS-2° NO 
(+/s) 
s s s 
80 
 
male s s s s s IIIL-hb1 (+/s) 
81 
 
female s s s s s IIIL-hb1 (+/s) 
105 
LaHave 
River, 
Nova Scotia 
male s s s s s IIIL-hb1 (+/s) 
107 
 
female s s s s s IIIL-hb1 (+/+) 
110 
 
female s s s s s IIIL-hb1 (+/+) 
111 
 
male s s s s s IIIL-2 (+/s), IIIL-hb1 (+/s) 
116 
 
male s s s s s IIIL-hb1 (+/s) 
123 
Anthony 
Shoals, GA 
male 
 
s s s 
  
124 
 
male 
  
IIS-puff 
(+/+) 
s s IIIL-hb1 (+/+) 
128 
 
female 
    
s IIIL-hb1 (+/s) 
131 
 
female 
     
IIIL-hb1 (+/s) 
133 
 
male 
     
IIIL-hb1 (+/s) 
137 
 
female 
 
s 
    
139 
Chauga 
River, SC 
female s s 
IIS-puff 
(+/s) 
s s IIIL-hb1 (+/s) 
140 
 
female s s s s s s 
141 
 
male 
  
s 
   
142 
 
male s s s s s IIIL-hb1 (+/s) 
143 
 
female s s s IIL-1 (+/s) s 
IIIL-1 (+/s), IIIL-3 (+/s), 
IIIL-hb1 (+/s) 
144 
 
female s s s s s IIIL-3 (+/s), IIIL-4 (+/s) 
145 
 
male s IL-1 (+/s) s s s 
IIIL-3 (+/s), IIIL-5 (+/s), 
IIIL-6 (+/s), IIIL-hb1 (+/s) 
146 
 
male s s s s s IIIL-1 (+/s) 
147 
 
female s s s s s IIIL-hb1 (+/s) 
148 
 
female s s s s s 
IIIL-1 (+/s), IIIL-3 (+/+), 
IIIL-hb1 (+/+) 
149 
 
male s s s s s 
IIIL-1 (+/s), IIIL-7 (+/s), 
IIIL-hb1 (+/s) 
150 
 
male s 
IL-1 (+/s), IL-2 (+/s), 
IL-3 (+/s) 
s s s IIIL-hb1 (+/s) 
151 
 
female s s s s s s 
152 
 
female s s s s s IIIL-hb1 (+/s) 
153 
 
female s s s s s IIIL-1 (+/s), IIIL-3 (+/s) 
154 
 
female s s s s s IIIL-hb1 (+/s) 
155 
 
male s s s s 
IIIS-1 (+/s),  IIIS-2 (+/s), 
IIIS-3 (+/s), IIIS-4 (+/s) 
IIIL-1 (+/s), IIIL-hb1 (+/s) 
156 
 
male s s s s s 
IIIL-1 (+/s), IIIL-3 (+/s), 
IIIL-hb1 (+/s) 
157 
 
male s s s s s IIIL-hb1 (+/s) 
158 
 
female s s s s s 
IIIL-1 (+/s), IIIL-3 (+/s), 
IIIL-7 (+/s), IIIL-8 (+/s), 
IIIL-hb1 (+/s), IIIL-2° NO (+/s) 
159 
 
female s s s s s IIIL-3 (+/s) 
162 
 
male s s s s s s 
163 
 
male s s s s s s 
164 
 
female IS-2 (+/s) s s s s IIIL-7 (+/s) 
165 
 
female s s s s s IIIL-hb1 (+/s) 
166 
 
male s s s s s 
IIIL-1 (+/s), IIIL-3 (+/s), 
IIIL-hb1 (+/s) 
167 
 
male s s s s s IIIL-hb1 (+/s) 
168 
 
female s s s s s IIIL-hb1 (+/+) 
169 
 
female s s s s s IIIL-7 (+/s), IIIL-8 (+/s) 
170 
 
male IS-3 (+/s) s s s s 
IIIL-1(+/+), IIIL-3 (+/s), 
IIIL-10 (+/s), IIIL-11 (+/s) 
171 
 
female s s s s s IIIL-hb1 (+/s) 
172 
 
female s s s s s 
IIIL-1 (+/s), IIIL-3 (+/s), 
IIIL-7 (+/s), IIIL-hb1 (+/s) 
173 
 
male s s s s s s 
174 
 
female s s s s s IIIL-hb1 (+/+) 
175 
 
female s IL-1 (+/s) s s s 
IIIL-1 (+/s), IIIL-3 (+/s), 
IIIL-7 (+/s) 
176 
 
female s IL-1 (+/s) s s s IIIL-1 (+/s), IIIL-7 (+/s) 
177 
 
male s s s s s 
IIIL-1 (+/s), IIIL-3 (+/s), 
IIIL-7 (+/s) 
178 
 
male s s s s s IIIL-9 (+/s) 
179 
 
female s s s s s 
IIIL-1 (+/+), IIIL-3 (+/+), 
IIIL-10 (+/s), IIIL-hb2 (+/s) 
180 
 
male s s s s s IIIL-hb1 (+/s) 
181 
 
female s s s s s IIIL-1 (+/s), IIIL-hb1 (+/s) 
182 
 
female s s s s s IIIL-7 (+/s), IIIL-hb1 (+/s) 
183 
Westfield 
River, MA 
male s s s s IIIS-5 (+/s) IIIL-hb1 (+/+) (thin) 
184 
 
male s s s s s s 
185 
 
male s s s s IIIS-6 (+/s) IIIL-hb1 (+/+) (thin) 
186 
 
female s s s s s IIIL-1 (+/s), IIIL-hb1 (+/+) 
187 
 
male s s s s IIIL-6 (+/s) IIIL-hb1 (+/s) 
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Appendix B 
Additional ecological data 
 
Table B-1. Ecological data for all streams sampled. 
Date Site GPS 
Av. 
Depth 
(m) 
Av. 
Velocity 
(m/s) 
Cond
uctivit
y 
pH 
Temp 
(°C) 
Width 
(m) 
Strea
mbed 
Canopy 
Riparian 
Vegetation 
jenningsi group sp. Misc sp. 
9.21.2010 
Chauga River 
SC/Oconee/Chau 
Ram County Park 
N34°40.87
6' 
W083°08.8
82' 
0.3 0.3 132 7.37 23.5 26 
bedro
ck 
partial forest 
S. fibrinflatum 
S. jenningsi 
 
10.5.2010 
Chauga River 
SC/Oconee/Chau 
Ram County Park 
N34°40.87
6' 
W083°08.8
82' 
0.3 0.3 40 7.38 15.9 26 
bedro
ck 
partial forest 
S. jenningsi 
S. fibrinflatum 
S. tuberosum 
10.5.2010 
Ramsey creek 
SC/Oconee/Chau 
Ram County Park 
N34°40.95
0' 
W083°08.7
06' 
0.2 0.3 66 7.26 15.4 9.5 
bedro
ck 
partial forest S. jenningsi 
S. vandalicum 
S. innoxium 
10.14.2010 
Little River at Flat 
Shoals 
SC/Oconee/St. Rd. 
S 37-32 
N34°51.72
2' 
W082°59.5
74' 
0.2 0.4 30 7.35 19.5 36 
bedro
ck 
partial forest S. fibrinflatum S. tuberosum 
10.14.2010 
Eastatoe River 
SC/Pickes/Cleo 
Chapman Highway 
(St. Rd.-39-100) 
N34°59.76
5' 
W082°49.6
72' 
0.3 0.1 37 7.15 16.9 9 
stone
s 
partial brush 
S. fibrinflatum or S. 
notiale 
 
10.14.2010 
SC/Pickens/Highwa
y 178 and Laurel 
Valley Rd 
N35°03.05
6' 
W082°48.7
43' 
0.3 0.2 26 6.95 14.9 6.5 
bould
ers 
complet
e 
forest 
 
 
10.16.2010 
Eno River 
NC/Durham/Cole 
Mill Rd. 
N36°04.81
6' 
W079°00.3
50' 
0.3 0 103 7.58 16.8 26 
bould
ers 
partial forest 
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11.1.2010 
Chestnut Creek 
VA/Galax/Cliffview 
Rd. (St. Rd. 721) 
N36°40.71
9' 
W080°55.2
52' 
0.2 0 47 7.8 17.2 22 
rubbl
e 
complet
e 
forest 
 
 
11.6.2010 
Chauga River 
SC/Oconee/Chau 
Ram County Park 
N34°41.09
1' 
W083°08.8
46' 
0.2 0.3 20 7.62 9.2 28 
bedro
ck 
partial forest 
S. jenningsi S. 
fibrinflatum 
 
11.7.2010 
Little River 
SC/Oconee/St. Rd. 
24 
N34°50.20
8' 
W082°58.8
07' 
0.3 0.2 26 7.4 10 25 
bedro
ck 
partial forest S. fibrinflatum  
11.10.2010 
Chauga River 
SC/Oconee/Chau 
Ram County Park 
N34°41.09
1' 
W083°08.8
46' 
0.2 0.1 25 7.55 9.5 28 
bedro
ck 
partial forest 
S. jenningsi 
S. fibrinflatum 
S. tuberosum 
S. appalachiense 
11.11.2010 
Big Bear Creek 
NC/Stanley/Austin 
Road (St. Rd. 1214) 
N35°18.46
0' 
W080°19.1
76' 
0.2 0.1 111 7.47 11.4 4 
rubbl
e 
complet
e 
forest 
 
S. vandalicum 
S. tuberosum 
S. appalachiense 
Cnephia 
ornithophilia 
11.12.2010 
Wildcat Creek 
GA/Habersham/Wil
dcat Road (off 197) 
N34°50.07
5' 
W083°36.3
63' 
0.2 0 10 7.45 10 7 
bould
ers 
complet
e 
forest 
 
 
11.13.2010 
Bluewater Creek 
AL/Lauderdale/GR 
71 AL 
N34°54.07
7' 
W087°26.3
83' 
0.1 0.3 130 7.88 11.7 32 
sand/
small 
stone
s 
partial forest 
S. snowi 
S. fibrinflatum 
S. nyssa 
S. tuberosum 
4.17.2011 
Enoree 
SC/Spartanburg and 
Laurens county 
line/Westmoreleand 
(418) 
N34°45.18
4' 
W082°06.5
22' 
0.2 0.8 31 7.1 17.9 50 
bedro
ck 
partial forest 
S. fibrinflatum 
S. notiale 
S. jenningsi 
S. tuberosum 
5.16.2011 
Chauga River 
SC/Oconee/Chau 
Ram County Park 
N34°40.87
6' 
W083°08.8
82' 
0.4 0.7 27 7.58 16.9 28 
bedro
ck 
partial forest 
S. jenningsi 
S. notiale Simulium 
s.p. (broken larva) 
S. appalachiense 
S. tuberosum S. 
innoxium S. 
vandalicum 
5.16.2011 
Chauga River 
SC/Oconee/Chau 
Ram County Park 
N34°40.81
2' 
W083°09.0
52' 
0.2 0.1 28 7.5 17.2 32 
rubbl
e 
partial forest 
S. jenningsi 
S. fibrinflatum 
S. tuberosum S. 
appalachiense 
5.19.2011 
Little River at Flat 
Shoals 
SC/Oconee/St. Rd. 
S 37-32 
N34°51.72
2' 
W082°59.5
74' 
0.2 0.4 19 7.57 17.1 36 
bedro
ck 
partial forest 
S. aranti 
S. jenningsi 
S. fibrinflatum 
S. appalachiense 
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6.3.2011 
Westfield River 
MA/Hampden/MA 
20 
N42°10.85
4' 
W072°50.6
66' 
0.75 0.887 57 7.44 16.8 50 
rubbl
e 
partial brush/forest 
S. fibrinflatum 
Simulium s.p. 
S. vandalicum 
tuberosum S. 
quebecense 
6.3.2011 
Wards Stream 
MA/Hampshire/112 
N42°20.15
9' 
W072°53.0
44' 
0.75 0.772 133 7.44 16.5 9 
bould
ers 
complet
e 
forest 
 
S. venustum 
complex S. 
vandalicum 
9.18.2011 
Enoree River 
SC/Spartanburg and 
Laurens county 
line/Westmoreleand 
(418) 
N34°45.18
4' 
W082°06.5
22' 
0.2 0.5 
 
7.7 20.4 50 
bedro
ck 
partial forest S. fibrinflatum  
3.18.2012 
Anthony 
Shoals/Broad River 
GA/Wilkes/Anthon
y Shoals Rd. 
N 
33°59.266' 
W 
082°39.208
' 
0.2 0.1 34 
 
22 5 
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